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Abstract
The left–right twin Higgs model (LRTHM) predicts the existence of the top partner T . In this work, 
we make a systematic investigation for the single and pair production of this top partner T through the 
processes: e+e− → tT +T t¯ and T T , the neutral scalar (the SM-like Higgs boson h or neutral pseudoscalar 
boson φ0) associate productions e+e− → tT h +T t¯h, T T h, tT φ0 +T t¯φ0 and T T φ0. From the numerical 
evaluations for the production cross sections and relevant phenomenological analysis we find that (a) the 
production rates of these processes, in the reasonable parameter space, can reach the level of several or tens 
of femtobarns; (b) for some cases, the peak value of the resonance production cross section can be enhanced 
significantly and reaches to the level of pb; (c) the subsequent decay of T → φ+b → t b¯b may generate 
typical phenomenological features rather different from the signals from other new physics models beyond 
the standard model (SM); and (d) since the relevant SM background is generally not large, some signals of 
the top partner T predicted by the LRTHM may be detectable in the future ILC and CLIC experiments.
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* Corresponding author.
E-mail addresses: liuyaobei@sina.com (Y.-B. Liu), xiaozhenjun@njnu.edu.cn (Z.-J. Xiao).http://dx.doi.org/10.1016/j.nuclphysb.2014.12.027
0550-3213/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
64 Y.-B. Liu, Z.-J. Xiao / Nuclear Physics B 892 (2015) 63–821. Introduction
With the observation of a standard model (SM) Higgs boson with a mass around 125 GeV 
[1–3] at the Large Hadron Collider (LHC), our understanding of electroweak symmetry break-
ing (EWSB) has been significantly improved than before [3]. However, this does not necessarily 
mean that the SM is fundamentally the whole story [4]. It is well known that the SM has a se-
rious problem called the little hierarchy problem [5]. The twin Higgs mechanism [6,7] has been 
proposed recently to tackle this little hierarchy problem, in which the SM-like Higgs emerges as 
a pseudo-Goldstone boson once a global symmetry is spontaneously broken. The twin Higgs the-
ories use a discrete symmetry in combination with an approximate global symmetry to eliminate 
one-loop quadratic divergence and thus stabilizing the mass of Higgs boson.
The twin Higgs mechanism can be implemented in left–right models with the additional dis-
crete symmetry being identified with left–right symmetry [8]. The left–right twin Higgs model 
(LRTHM) is a concrete realization of the twin Higgs mechanism [9]. In this model, the SM gauge 
symmetry is extended to SU(2)L × SU(2)R × U(1)B−L, which is embedded into the global 
U(4)1 × U(4)2 symmetry. The leading quadratically divergent contributions of the SM gauge 
bosons to the Higgs boson mass are canceled by the loop involving the new heavy gauge bosons 
(W±H , ZH ), while those for the top quark can be canceled by the contributions from a heavy top 
partner (T ). These new particles predicted by the LRTHM at or below the TeV scale, which 
might generate characteristic signatures at the present and future high energy colliders [7,9–13]. 
Very recently, we have studied the properties of the LRTHM confronted with the latest LHC 
Higgs data [14].
Recently, many searches have been performed by both ATLAS [15,16] and CMS [17,18] Col-
laborations in order to discover or set bounds on the heavy top-quark partner, assuming decays 
into three channels, W+b, Zt and ht , and scanning over various combinations of the branching 
ratios. For instance, top partner with mass below 656 GeV are excluded at 95% confidence level 
under the assumption of a branching ratio BR(T → W+b) = 1 [19]. However, the dominant de-
cay mode for the top partner in the LRTHM is into a charged Higgs boson and a bottom quark. 
Thus, the current bound on the top partner will be relaxed. The production of the T -quark at the 
LHC have been described in Ref. [9], in which the s-channel on shell WH decay dominated the 
single heavy top production. The single production of the top partner via the eγ and γ γ fusion 
processes has been studied in Refs. [20,21].
So far, most of the works about the top partner focus on phenomenological analysis at the 
LHC experiments, see for example Refs. [22–24]. When compared with the LHC, a TeV scale 
linear e+e− collider has a particularly clear background environment, with a center of mass 
(c.m.) energy in the range of 500 to 1600 GeV, as in the case of the International Linear Col-
lider (ILC) [25], and of 3 TeV to the Compact Linear Collider (CLIC) [26]. The high luminosity 
linear collider is thus a precision machine with which the properties of new particles can be 
measured precisely. For example, the final stage of CLIC operating at an energy of 3 TeV is 
expected to directly examine the pair production of new heavy top partner of mass up to 1.5 
TeV [27]. A detailed study of the anomalous single fourth generation t ′ quark production at 
ILC and CLIC has been performed in Ref. [28]. The phenomenology of top partners in the little 
Higgs models with T-parity (LHT) and the minimal supersymmetric standard model with R-
parity (MSSMR) at future linear colliders are studied in Refs. [29,30], in which the decay signal 
of T -quark (T → tAH ) can fake the signal of the scalar top quark t˜ → t χ˜10 . In the LRTHM, fur-
thermore, the dominant decay mode T → φ+b → t b¯b may generate different phenomenological 
features. Thus, in this paper, we will perform a comprehensive analysis on six top partner pro-
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at the future possible ILC and/or CLIC experiments.
This paper is organized as follows. In Section 2, we give a brief review of the LRTHM, and 
then study the decays of the top partner and the charged Higgs bosons. Section 3 is devoted to the 
computation of the production cross section (CS) of above mentioned six production channels. 
Some phenomenological analysis are also included in these three sections. Our conclusions are 
given in Section 4.
2. Overview of the LRTHM
The details of the LRTHM and some phenomenology analysis have been studied in Ref. [9]. 
Thus we will focus on the top partner sector in this section. In the LRTHM, two Higgs fields 
(H and Hˆ ) are introduced and each transforms as (4, 1) and (1, 4) respectively under the global 
symmetry. They are written as
H =
(
HL
HR
)
, Hˆ =
(
HˆL
HˆR
)
, (1)
where HL,R and HˆL,R are two component objects which are charged under the SU(2)L ×
SU(2)R × U(1)B−L as
HL and HˆL : (2,1,1), HR and HˆR : (1,2,1). (2)
The global U(4)1(U(4)2) symmetry is spontaneously broken down to its subgroup U(3)1(U(3)2)
with non-zero vacuum expectation values (VEV) as 〈H 〉 = (0, 0, 0, f ) and 〈Hˆ 〉 = (0, 0, 0, fˆ ). 
Each spontaneously symmetry breaking yields seven Nambu–Goldstone bosons. The gauge sym-
metry SU(2)L ×SU(2)R ×U(1)B−L is eventually broken down to the SM U(1)em, six out of the 
14 Goldstone bosons are eaten by the SM gauge bosons (W±, Z) and the heavy gauge bosons 
(W±H , ZH) in the LRTH model. After the re-parametrization of the fields, the remaining 8 parti-
cles include one SM-like Higgs boson h, one neutral pseudoscalar φ0, a pair of charged scalar 
φ± and an extra SU(2)L doublet hˆ = (hˆ+1 , hˆ02). The lightest particle in the odd hˆ02 is stable, and 
thus can be a candidate for dark matter.
The masses of the heavy gauge bosons are expressed as:
M2WH =
1
2
g2
(
fˆ 2 + f 2 cos2 x), (3)
M2ZH =
g2 + g′ 2
g2
(
M2W + M2WH
)− M2Z, (4)
where x = v/(√2f ) and v is the electroweak scale, the values of f and fˆ are interconnected 
once we set v = 246 GeV. The Weinberg angle can be written as:
sW = sin θW = g
′√
g2 + 2g′ 2 , cW = cos θW =
√
g2 + g′ 2
g2 + 2g′ 2 . (5)
Besides the SM-like Higgs boson h, both the charged scalars φ± and the neutral pseudoscalar 
φ0 can couple to both the fermions and the gauge bosons. Their masses can be obtained from the 
one-loop Coleman–Weinberg (CW) potential and the soft left–right symmetry breaking terms, 
so-called μ-term [9]:
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(
H
†
RHˆR + h.c.
)+ μˆ2H †LHˆL. (6)
Here μˆ is of the order of f or smaller, and μr should be less than about f/4π in order not to 
reintroduce fine tuning [9]. The masses of φ0 and φ± can therefore be written as the form of
m2
φ0 =
μ2r f fˆ
fˆ 2 + f 2 cos2 x ·
{
fˆ 2[cosx + sin x
x
(3 + x2)]
f 2(cosx + sin x
x
)2
+ 2 cosx + f
2 cos2 x(1 + cosx)
2fˆ 2
}
,
(7)
m2φ± =
3
16π2
g′ 2M2WH
M2ZH − M2Z
[(
M2W
M2ZH
− 1
)
Z(MZH ) −
(
M2W
M2Z
− 1
)
Z(MZ)
]
+ μ
2
r f fˆ
fˆ 2 + f 2 cos2 x
(
fˆ 2x
f 2 sinx
+ 2 cosx + f
2 cos3 x
fˆ 2
)
, (8)
where Z(x) = −x2(ln Λ2
x2
+ 1), and the cut-off scale Λ is typically taken to be 4πf . In the 
allowed parameters space, the masses of the charged scalars φ± are generally in the range of a 
few hundred GeV. The value of m2
φ0
depend on two parameters μr and f , and the lower limit 
comes from the non-observation of the decay Υ → γ + X0 [31].
2.1. Masses and relevant couplings of top quark sector
In order to cancel the one-loop quadratic divergence of Higgs mass induced by top quark, a 
pair of vector-like quarks (UL, UR) are introduced, which are singlets under SU(2)L × SU(2)R . 
The Lagrangian can be written as [9]
Lt = yLQ¯L3τ2H ∗LUR + yRQ¯R3τ2H ∗RUL − MU¯LUR + h.c. (9)
where QL3 = −i(uL3, dL3)T and QR3 = (uR3, dR3)T . Under left–right symmetry, yL = yR = y. 
The mass eigenstates for the top quark t and heavy top partner T can be obtained by diagonalizing 
the mass matrix. Their masses and relevant couplings to gauge bosons are given by [9]
m2t =
1
2
(
M2 + y2f 2 − Nt
)
, m2T =
1
2
(
M2 + y2f 2 + Nt
)
, (10)
ZμtT¯ : eγμ(CLSLfˆ 2c2WPL + f 2x2s2WCRSRPR/
(
2fˆ 2c3W
); (11)
ZHμtT¯ : eγμ(CLSLs2WPL − c2WCRSRPR/(2sW cWc2W); (12)
ZμT T¯ : −eγμ
(
4s2W − 3S2LPL
)
/(6sW cW ); (13)
ZHμT T¯ : −eγμ
[(
3C2L + 1
)
s2WPL −
(
3c2WC
2
R − 4s2W
)
PR
]
/(6sW cWc2W); (14)
ZHμt t¯ : −eγμ
[(
3S2L + 1
)
s2WPL −
(
3c2WS
2
R − 4s2W
)
PR
]
/(6sW cWc2W), (15)
where
SL = 1√
2
√
1 − (y2f 2 cos 2x + M2)/Nt , CL =√1 − S2L, (16)
SR = 1√
2
√
1 − (y2f 2 cos 2x − M2)/Nt , CR =√1 − S2R, (17)
with Nt =
√
(M2 + y2f 2)2 − y4f 4 sin2 2x and x = v/(√2f ).
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From Eq. (9), we can get the interactions between the Higgs boson and the pairs of 
(t t¯ , T T , T t¯, T t):
Lint = −yt t t¯h − yT T T¯ h −
(
T¯
[
yLtT PL + yRtT PR
]
th + h.c.), (18)
where the Yukawa couplings constants (yt, yT , yLtT , yRtT ) are defined as
yt = −mt
v
CLCR, yT = −y(SRSL − CLCRx)/
√
2, (19)
yLtT = −
y√
2
(CLSR + SLCRx), yRtT = −
y√
2
(CLSRx + SLCR). (20)
Since the mixing angles are sensitive to the parameters M and f , we plot in Fig. 1 the coupling 
constants of the Yukawa interactions (yt , yT , yLtT , yRtT ) as a function of the parameter f for two 
typical values of M : M = 0, 150 GeV. For M = 150 GeV, the left-handed mixing of top quark 
and top partner is larger than that for the right-handed ones, while they all equal zero for M = 0. 
In this case the top quark is purely (u3L, qR) and the top partner is purely (qL, u3R). On the other 
hand, we can see that the couplings yT and yt have different sign, and yt is almost three times as 
large as yT .
2.2. Decays of the top partner and charged Higgs bosons
In the LRTHM, the top quark partner T can decay into φ+b, ht , Zt , Wb and φ0t , among 
which the decay T → φ+b is the most important channel. Here we take the mass of the charged 
scalars as mφ± = 200 GeV. In Fig. 2 we show the M- and f -dependence of the branching ra-
tios of those relevant decays of the top quark partner T . As shown in Fig. 2a, more than 60%
of top partner decays via T → φ+b for 500 GeV ≤ f ≤ 1000 GeV. Other decays are strongly 
suppressed since the relevant couplings are suppressed by the ratio (M/f ). For comparison, the 
subdominant decay T → Wb can have a branching ratio of about 11% for M = 150 GeV and 
f = 500 GeV. This is different from the case of the little Higgs model with T-parity, where the 
decay T → W+b is the dominant channel [32]. In the limit M = 0, the only two body decay 
mode is T → φ+b, with a branching ratio of 100%. Thus, the previous bounds on the top partner 
will be relaxed in the LRTHM.
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In the LRTHM, the charged Higgs φ± decay dominantly into quark pair tb or cs [9]. Fig. 3
shows the LRTHM predictions for the branching ratios for those two decay modes as a function 
of the mixing parameter M for five typical values of parameter f . One can see from Fig. 3
that the branching ratio of φ+ → t b¯ decay becomes larger than 50% for large values of M . 
While for very small values of M , φ+ → cs¯ decay dominates, which may lead to completely 
different phenomenology. For M = 5 GeV, for example, the branching ratio of φ+ → cs¯ decay 
will change from 65.2% to 89.2% when the parameter f increases from 500 GeV to 1000 GeV. 
In the lower limit M = 0, the branching ratio of T → cs¯ is 100%.
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Table 1
The masses (in GeV) of the top partner T , the heavy neutral gauge boson ZH and the total decay width ΓZH used in this 
paper, assuming 100 ≤ f ≤ 1500 GeV.
f (GeV) 500 600 700 800 900 1000 1200 1500
mT (M = 0) 466.4 571.3 674.5 776.8 878.4 979.5 1181 1482
mT (M = 150) 489.9 590.7 691 791.1 891 991 1190.5 1489.5
mZH 1403 1684 1966 2247 2528 2810 3372 4215
ΓZH 29.8 35.7 41.6 47.4 53.3 59.2 71 88.7
3. Numerical results and discussions
The SM input parameters relevant in our study are taken as αe = 1/128.8, S2W = 0.2315, 
mZ = 91.187 GeV [33] and mt = 173.3 GeV [34]. The free LRTHM parameters are f and M . 
Note that the top Yukawa coupling y can be determined by fitting the experimental value of the 
top quark mass. The masses of top partner and heavy neutral gauge boson can be determined by 
the value of f and M . The typical values of the top partner mass mT , the heavy neutral gauge 
bosons mass mZH and decay width ΓZH are listed in Table 1 for several benchmark points of the 
parameter f : f = 500, 600, 700, 800, 900, 1000, 1200 and f = 1500 GeV.
In the LRTHM, the phenomenological studies on the signatures of the heavy neutral gauge 
boson ZH can be found in Ref. [35]. The present constraints on the Z′ mass have been presented 
in [33]. The ATLAS and CMS experiments at the LHC have updated the Tevatron limits on the 
heavy neutral gauge boson Z′ mass [36]. Recently, the ATLAS and CMS Collaborations pre-
sented results on narrow resonances with dilepton final states and excluded a sequential standard 
model Z′ with mass smaller than 2.49 TeV [37] and 2.59 TeV [38]. Based on the analysis of 
heavy resonances decaying into t t¯ pairs with subsequent fully hadronic and leptonic final states, 
the ATLAS [39] and CMS [40] Collaborations also excluded the leptophobic Z′ boson with the 
mass smaller than 1.32 TeV (ATLAS) and 1.3 TeV (CMS). Using constraints from the precision 
electroweak (EW) data, the lower mass limit on extra neutral boson Z′ in left–right symmetric 
models is around 1 TeV [41]. Although the Atlas and CMS data have been interpreted in terms 
of different scenarios for physics beyond the SM, there is no any limit on Z′ in the LRTHM at 
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present. Our previous study using D0 and CDF results have excluded a Z′ in the LRTHM with 
a mass below 940 GeV [42].
The indirect constraints on f come from the Z-pole precision measurements, the low en-
ergy neutral current process and high energy precision measurements off the Z-pole, requiring 
approximately f > 500 GeV. On the other hand, it cannot be too large since the fine tuning is 
more severe for larger f . The value of the mixing parameter M is constrained by the Z → bb¯
branching ratio and oblique parameters. Following Ref. [9], we take the typical parameter space 
as:
500 GeV ≤ f ≤ 1500 GeV, 0 ≤ M ≤ 150 GeV. (21)
All the numerical studies are done using CalcHEP [43].
3.1. The single and pair production of top partner
From above discussions, we know that the top partner can be singly or pair produced through 
s-channel gauge bosons exchange by e+e− collisions at ILC and CLIC energies. The relevant 
Feynman diagrams are depicted in Fig. 4.
3.1.1. The e+e− → tT + T t¯ process
We fist consider the associate production of one top partner T together with the top quark 
through the s-channel Z and ZH exchanges. In Fig. 5a, we plot the production CS σ(e+e− →
tT + T t¯) as a function of the mixing parameter M for √s = 1.5 TeV and five typical values 
of f . One can see that the cross section decreases as the parameter f increases. This is natural 
since the phase space is depressed strongly by large mT . For f = 600 GeV and √s = 1.5 TeV, 
the maximum of the cross section reaches the level of a few fb. On the other hand, the results 
also show that the large M can enhance the cross section significantly. In the limit of M = 0, its 
value goes to zero.
From Fig. 5b, one can see that the resonance peak of the cross section σ emerges when the 
ZH mass mZH approaches the c.m. energy. In the region of the resonance peak, the production 
CSs will be enhanced significantly and can reach the order of pb. For 
√
s = 1.5 TeV and f =
700 GeV, for example, the value of σ is about 5 fb. If we assume that the future ILC experiment 
with 
√
s = 1.5 TeV has a yearly integrated luminosity of 500 fb−1, then there will be several 
thousand signal events generated at the ILC.
For a large value of M , the dominate subsequent decay of T → φ+b and φ+ → t b¯ make the 
process e+e− → tT + T t¯ mainly decaying to the final state t t¯bb¯. The production rates for such 
final states can be easily estimated as
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Table 2
The possible SM background CSs (in fb) in semi-leptonic channel (2j + 4b +  + /ET ) are estimated 
with 
√
s = 1.5 TeV. We used BR(t → W+b) = 1, BR(W± → jj ′) = 0.68, BR(W± → ±νl) = 0.107, 
BR(h → bb¯) = 0.57 and BR(Z → bb¯) = 0.15.
Processes Cross sections (fb)
e+e− → t t¯bb¯ σ (e+e− → t t¯bb¯ → 2j + 4b +  +/ET ) = 0.4
e+e− → W+W−ZZ σ(e+e− → W+W−ZZ → 2j + 4b +  +/ET ) = 0.006
e+e− → W+W−hh σ(e+e− → W+W−hh → 2j + 4b +  +/ET ) = 0.008
e+e− → W+W−Zh σ(e+e− → W+W−Zh → 2j + 4b +  +/ET ) = 0.002
σ × [BR(T → φ+b) · BR(φ+ → t b¯)+ BR(T → th) · BR(h → bb¯)
+BR(T → tZ) · BR(Z → bb¯) + BR(T → tφ0) · BR(φ0 → bb¯)]. (22)
For the semi-leptonic decays of t t¯ , the characteristic collider signal is two jet + four b + one 
lepton (e or μ) + missing /ET . The dominant SM background processes and their production 
CSs with 
√
s = 1.5 TeV are listed in Table 2. The backgrounds t t¯h and t t¯Z are also included 
when t t¯bb¯ is estimated. We can see that the total background CS is about 0.4 fb. Note that 
these numerical results are estimated by using MadGraph [44] and cross-checked with CalcHEP 
without considering any kinematical cuts and tagging efficiency.
In order to discuss the observation of the top partner, we calculate the statistical significance 
S/
√
B (S denotes the signal and B the SM background) and the numerical results are shown in 
Fig. 6, here we assumed that the integrated luminosity is 500 fb−1. One can see that, for large M
and small f , the value of the statistical significance S/
√
B is larger than 5. For f ≥ 600 GeV, the 
mass of the heavy gauge boson is larger than 1680 GeV and the resonance peak will not appear. 
Consequently, it may be possible to extract the signals from the backgrounds in the reasonable 
parameter space of the LRTHM.
It is obvious that this is only a simple estimate. To take into account detector acceptance 
we should consider the tagging efficiency and some appropriate kinematical cuts. On the other 
hand, the reconstruction of the top partner and the charged Higgs bosons is very necessary to 
distinguish the signal from the background. In our estimates, we have excluded the efficiency 4b
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Fig. 7. (a) The production CS σ as a function of the mixing parameter M for √s = 2.0 TeV and f = 500 GeV and 
1000 GeV; (b) The production CS σ as a function of center of mass energy √s for M = 150 GeV and three values of f
as indicated.
of tagging the four b-jets in the final state. If we take the single b-tagging efficiency as about 
70%, as one would expect, after putting some basic acceptance cuts required to trigger on the 
final states, the rates would become smaller. However, our main conclusions should remain un-
changed. Obviously, the detailed analysis for individual processes would require Monte Carlo
simulations of the signals and backgrounds, which is beyond the scope of the current paper.
3.1.2. The e+e− → T T process
We next consider the pair production of the top partner T at the CLIC. The production CSs σ
are plotted as a function of the mixing parameter M in Fig. 7a and as a function of 
√
s in Fig. 7b 
for various typical values of f . From Fig. 7a, one can see that the cross section is insensitive to 
the parameter M . For f = 500 GeV, for example, the cross section σ is changing from 55 fb to 
48 fb when the parameter M increases from 0 to 150 GeV. In the most of the parameter spaces, 
the production CS are at the level of tens of fb for 
√
s = 2.0 TeV. However, one can see from 
Fig. 7b that the resonance peak of the σ can reach a few pb when MZH 

√
s, provided that the 
LHC measures the masses of the extra gauge bosons predicted by the LRTHM. For 
√
s = 3 TeV
this resonance scan can be extended to upper values of the scale f around 1.1 TeV.
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values of M as indicated; (b) The production rates of the 4j + 2b final state as a function of f for √s = 2.0 TeV and 
M = 0.
Considering the subsequent decay of the top partner T , the characteristic signal of T T events 
might be:
• Case I. One lepton (e or μ) + two jets +6b+ missing /ET , which arises from the decay modes 
φ+b, ht , Zt , and φ0t of the top partner T with the cascade decays φ+ → t b¯, t → W+b, 
h → bb¯, Z → bb¯ and φ0 → bb¯, and the subsequent decay of one W bosons through leptonic 
decay channel and others in their hadronic decays.
• Case II. Four jets +2b, which happens for a very small value of M with T → φ+b and 
φ+ → cs¯, e.g., M = 0.
For 
√
s = 2.0 TeV, the total production rates of the signals for above two cases are shown in 
Fig. 8. For Case I, the production rate of the signal can reach tens of fb except for the resonance 
effect, as shown in Fig. 8a. While for Case II, the production rate of the signal are higher about 
one order than that for Case I with the same value of parameter f , as shown in Fig. 8b. For 
f = 600 GeV and M = 0, 150 GeV, the production rates for two cases are about 161 fb and 
24 fb, respectively. If we assume that the future CLIC experiment with 
√
s = 2.0 TeV has a 
yearly integrated luminosity of 500 fb−1, then there will be about 104 signal events generated 
per year.
For above two kinds of signals the possible backgrounds from the SM processes are listed in 
Table 3. For Case I, one can see that the background are much smaller than the signal. With the 
signal CS and the expected CLIC high luminosity, one can easily get large number of events even 
if we lose some of events by imposing cuts to remove SM backgrounds.
For Case II, the large background comes from the SM process e+e− → t t¯ → 2W + 2b →
4j + 2b with the cross section about 20 fb. Since the cross sections of the SM processes are not 
too large compared to the signal process, the reconstruction of top partner T and the charged 
Higgs bosons φ+ is necessary to distinguish the signal from the background. For example, one 
must first search for the hadronic decay of a charged Higgs boson by choosing the combination 
which minimizes |mjj − mφ |. An apparent feature of difference between signal and the back-
ground is that the di-jet invariant mass for the background events primarily reconstructs to mW
but the di-jet invariant mass for the signals coming from the charged Higgs approaches mφ. Such 
difference can help us to distinguish the signals from the background. Secondly, each top partner 
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The SM background CSs (in fb) for 2j + 6b +  +/ET (Case I) and 4j + 2b (Case II) final states, 
estimated with 
√
s = 2.0 TeV.
Case I
σ(e+e− → t t¯Zh) = 0.04 σ(e+e− → t t¯ZZ → 2j + 6b + l +/ET ) = 9.8 × 10−4
σ(e+e− → t t¯hh) = 0.011 σ(e+e− → t t¯hh → 2j + 6b + l +/ET ) = 1.02 × 10−3
σ(e+e− → t t¯ZZ) = 0.056 σ(e+e− → t t¯ZZ → 2j + 6b + l +/ET ) = 3.7 × 10−4
Case II
σ(e+e− → t t¯ ) = 43.8 σ(e+e− → t t¯ → W+bW−b¯ → 4j + 2b) = 20.3
σ(e+e− → W+W−Z) = 43.4 σ(e+e− → W+W−Z → 4j + 2b) = 3.01
σ(e+e− → W+W−h) = 1.8 σ(e+e− → W+W−h → 4j + 2b) = 0.47
σ(e+e− → ZZbb¯) = 0.19 σ(e+e− → ZZbb¯ → 4j + 2b) = 0.09
σ(e+e− → ZZh) = 0.13 σ(e+e− → ZZh → 4j + 2b) = 0.04
σ(e+e− → ZZZ) = 0.5 σ(e+e− → ZZZ → 4j + 2b) = 0.04
Fig. 9. The invariant mass distributions for the SM background and the Wb signal from T decay for (a) e+e− → t¯T →
t¯W+b and (b) e+e− → T T → TW+b.
T is reconstructed from one charged Higgs candidate paired with one of the two b jets, such that 
the invariant masses of the φ+b systems are as close as possible to top partner mass.
For the decay channel T → W+b, the top partner production can give rise to the same final 
state as the SM top quark. The leptonic W decay yields a nice signal of one b jet plus one 
electron or muon with missing energy. For M = 150 GeV and f = 600, 700 GeV, the branching 
ratios of T → W+b are about 7.8% and 5.5%, respectively. The invariant mass distributions 
for the SM background and the Wb signal from T decay are shown in Fig. 9 for two processes 
with 
√
s = 1.5 TeV and M = 150 GeV. It is clear that the T -quark signal can be observed as 
a resonance in the W+b invariant mass distribution at the CLIC.
3.2. Associate productions of T with SM-like Higgs boson h
Like ht t¯ production, the productions of htT can also be realized at the linear e+e− collider, 
as shown in Fig. 10. Thus, it is possible to measure the Yukawa coupling between top partner and 
other particles simply by measuring the production CSs of the relevant processes with high center 
of mass energy. There are two SM-like Higgs boson associated production processes. One is the 
Higgs production associating with a top quark and a top partner production e+e− → tT h(T t¯h), 
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Fig. 11. (a) The production CS σ as a function of √s for M = 150 GeV and three values of f as indicated; (b) The 
production CS σ as a function of the mixing parameter M for 
√
s = 3.0 TeV and f = 600, 800, 1200, 1400 GeV respec-
tively.
and another is the process associating with top partner pairs e+e− → T T h. Here we fixed the 
SM-like Higgs boson mass as mh = 125.5 GeV. Considering the dominant decay mode T →
φ+b → t b¯b, the tT h and T T h production processes have less background than ht t¯ production 
and these new production channels at the LHC have been studied in [45].
3.2.1. The e+e− → tT h + T t¯h process
We first consider the Higgs production process associated with a top quark and a top partner. 
The sum of the CS, σ(e+e− → tT h) + σ(e+e− → T t¯h), are shown in Fig. 11. One can see that 
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The total CSs (in fb) of signal for the final states t t¯bb¯bb¯ with √s = 3.0 TeV.
f (GeV) 600 800 1200 1400
M = 50 GeV 0.42 0.23 0.047 0.013
M = 100 GeV 1.43 0.87 0.21 0.053
M = 150 GeV 2.56 1.53 0.4 0.12
Fig. 12. (a) The production CS σ as a function of √s for four values of M as indicated and f = 700 GeV; (b) The 
production CS σ as a function of the mixing parameter M for 
√
s = 2.0 TeV and four typical values of f as indicated.
in the major region of the parameter space, the CS are at the level of several fb for M = 150 GeV. 
For example, the CS is about 3.6 fb for 
√
s = 1.5 TeV and f = 700 GeV. On the other hand, the 
resonance peak values of the σ can reach the order of 102 fb. The production CS is, furthermore, 
very sensitive to the parameter M : large values of M can enhance the CS significantly. This is 
due to the couplings of tT h, ZtT and ZH tT are all proportional to the factor (M/f ). In the limit 
of M = 0, all theses couplings are vanishing. For √s = 3 TeV, f = 1200 GeV, the value of σ is 
changing from 0.02 fb to 0.42 fb when the parameter M increases from 30 GeV to 150 GeV.
For a large value of M , the dominate decay mode h → bb¯ will lead to the cascade decay 
chain e+e− → tT h + T t¯h → t t¯bb¯bb¯. The production rates for the final state t t¯bb¯bb¯ can be 
easily estimated:
σs 
 σ ×
[
BR
(
T → φ+b) · BR(φ+ → t b¯)+ BR(T → th) · BR(h → bb¯)
+ BR(T → tZ) · BR(Z → bb¯) + BR(T → tφ0) · BR(φ0 → bb¯)]. (23)
In Table 4 we present the total CS for the final states t t¯bb¯bb¯ via the process e+e− → tT h + T t¯h
with 
√
s = 3.0 TeV and various parameter values. The main backgrounds for the t t¯bb¯bb¯ final 
state come from the SM processes e+e− → t t¯ZZ, e+e− → t t¯Zh and e+e− → t t¯hh with Z →
bb¯ and h → bb¯, continuum t t¯bb¯bb¯ production. The total CS of the SM backgrounds is estimated 
about 0.01 fb, which is smaller than that in the signal. Thus, it may be possible to extract the 
signals from the backgrounds in the reasonable parameter spaces in the LRTHM (e.g., for large 
M and small f ).
3.2.2. The e+e− → T T h process
Next, we consider the pair production of the top partner T associated with the Higgs boson: 
e+e− → T T h. In Fig. 12a, we show its production CS versus √s with various M for f =
Y.-B. Liu, Z.-J. Xiao / Nuclear Physics B 892 (2015) 63–82 77Table 5
The possible signal cross sections (in fb) for above two cases are estimated with √s = 2.0 TeV.
Signals f = 600 GeV f = 800 GeV f = 900 GeV
Case A 1.4 × 10−2 3.3 × 10−3 5.6 × 10−4
Case B 9.6 × 10−2 1.8 × 10−2 3.5 × 10−3
700 GeV. One can see that the resonance CSs are at the level of several fb. In the most parameter 
space, the CSs are smaller than 0.1 fb. From Fig. 12b one can see that the CS decrease along 
with the increase of f , and is also insensitive to the variation of M . For f = 800 GeV, the CS σ
is changing from 0.03 fb to 0.025 fb when the parameter M increases from 0 to 150 GeV.
Similar to the character of e+e− → T T process, the characteristic signal of T T h with h → bb¯
might be
• Case A. 2j + 8b +  + /ET for M = 150 GeV, which arises from the semi-leptonic decays 
of the t t¯ system.
• Case B. 4j + 4b in the limit of M = 0, which arises from T → φ+b and φ+ → cs¯ with the 
branching ratios of 100%.
The CSs of possible signals are listed in Table 5 with 
√
s = 2.0 TeV. The reducible SM back-
grounds for Case A are almost negligible. Given a sufficient integrated luminosity, it may be 
possible to detect these signals in the reasonable parameter space of the LRTH model, especially 
for small value of f . The main background processes for Case B have been extensively studied 
in [46,47] by applying the suitable cuts. According their conclusions, we have to say that it is 
very difficult to discriminate the 4j + 4b signal due to the low production rates, low selection 
efficiencies and large SM background.
3.3. Associate production with φ0
Besides the SM-like Higgs boson h, the LRTHM also predicts the existence of the neutral 
pseudoscalar boson φ0. In Ref. [48], we studied the production and decays of a light φ0. The 
relevant couplings can be written as [9]:
φ0T t : −iy(SLCRPL − CLSRPR)/
√
2,
φ0T T : −iyCLCRγ5/
√
2,
hφ0Zμ : iexp3μ/(6sW cW ),
hφ0ZHμ : iex
[(
14 − 17s2W
)
p2μ −
(
4 − s2W
)
p1μ
]/(
18sW cW
√
1 − 2s2W
)
, (24)
where PL,R = (1 ∓ γ5)/2, p1, p2 and p3 refer to the incoming momentum of the first, second 
and third particle, respectively. It is easy to see that the top partner T can be produced via the 
process e+e− → φ0T t¯ , as shown in Fig. 13. Similarly, the associated production of φ0tT and 
φ0T T can also happen although we do not show them explicitly in Fig. 13.
3.3.1. The e+e− → tT φ0 + T t¯φ0 process
In Fig. 14, we plot the parameter dependence of the summation of the production CS, 
σ(e+e− → tT φ0) + σ(e+e− → T t¯φ0). This case is similar to those in the SM-like Higgs boson 
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Fig. 14. (a) The production CS as a function of √s for M = 150 GeV, m
φ0 = 120 GeV and f = 600, 900 GeV; (b) The 
production CS σ as a function of the mixing parameter M for 
√
s = 2.0 TeV, f = 600 GeV, and m
φ0 = 50, 120 GeV.
associate production processes. One can see that in the considered parameter space, the pro-
duction CS are at the level of several fb for M = 150 GeV. The resonance peak values of the 
σ can reach the order of 102 fb. On the other hand, the production CS is very sensitive to the 
parameter M and decreases along with the increase of mφ0 . For 
√
s = 2.0 TeV, f = 600 GeV
and mφ0 = 120 GeV, the value of σ is changing from 0.26 fb to 4.2 fb when the parameter M
increases from 30 GeV to 150 GeV. Thus, a large value of M can enhance the production rates 
for this process.
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The total cross sections (in fb) of signal for the final states 2j + 6b +  + /ET in the LRTHM for mφ0 = 120 GeV and √
s = 2.0 TeV.
M (GeV) 30 60 90 120 150
f = 600 GeV 0.03 0.11 0.26 0.39 0.46
f = 900 GeV 0.003 0.012 0.028 0.045 0.074
Fig. 15. (a) The production CS σ as a function of √s for M = 150 GeV, m
φ0 = 120 GeV and three values of f as 
indicated; (b) The production CS σ as a function of the mixing parameter M for √s = 2.0 TeV, f = 600 GeV, and 
m
φ0 = 50, 120 GeV.
The dominant decay mode of φ0 is φ0 → bb¯, with a branching ratio BR(φ0 → bb¯) 
 0.8 fb 
for mφ0 = 120 GeV [48]. For a large value of M , the dominate decay mode T → φ+b → t b¯b
can also make the process e+e− → tT φ0 + T t¯φ0 also give rise to the t t¯bb¯bb¯ final state, which 
is similar to the case of (tT h + T t¯h) productions. The branching ratio for the t → bW+ is 
essentially one which induced to the final state of 6b + 2W . Now we consider one W boson 
decay hadronically and the other decay leptonically. Thus the resulting final state signal is 2j +
6b+  + /ET . The production rates of such final state are shown in Table 6 with mφ0 = 120 GeV, √
s = 2.0 TeV and various parameter values. For f = 600 GeV and M = 150 GeV, there will 
be about 230 signal events with a yearly integrated luminosity of 500 fb−1. The relevant SM 
backgrounds for this final state is negligible. Note that what we have presented here as an estimate 
of the signal events is just a rude estimate. If we take the b-tagging efficiency of each of the six 
b quarks which is about 70%, the estimated event rates are suppressed about (0.7)6 
 0.12 and 
this still gives us tens of observable events for the signal with high luminosity. Thus, it may 
be possible to extract the signals from the backgrounds due to the large production rates in the 
reasonable parameter spaces of the LRTHM.
3.3.2. The e+e− → T T φ0 process
The production CS of the process e+e− → T T φ0 are shown in Fig. 15. One can see that the 
resonance CSs can reach the level of 1 fb. Apart from the resonance peak, the cross sections 
are smaller than 0.1 fb in the most parameter space. For f = 600 GeV, mφ0 = 120 GeV and √
s = 2.0 TeV, the cross section √s is changing from 0.084 fb to 0.066 fb when the parameter 
M increases from 0 to 150 GeV. Thus, it is challenging to detect the signals of top partner via 
this production process due to the small production rates, except for the resonant region.
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The LRTHM predicts the existence of the top partner T which may be observable at the 
high energy linear e+e− colliders. In this paper, we study the single and pair production of the 
top partner at the ILC and CLIC via the processes: e+e− → (tT , T t¯, T T ), the Higgs boson h
associate productions e+e− → (tT h, T t¯h, T T h), and the neutral pseudoscalar boson associate 
productions e+e− → (tT φ0, T t¯φ0) and e+e− → T T φ0. From the numerical calculations and 
the phenomenological analysis for all considered production and decay modes, we find the fol-
lowing observations:
1. The top partner T mainly decay into φ+b with the branching ratio larger than 60% for 
500 GeV ≤ f ≤ 1000 GeV, while the branching ratio of T → Wb mode is about 11% for 
M = 150 GeV and f = 500 GeV. The current bound on the top partner mass mT could be 
relaxed.
2. For the single top partner production processes: T t¯ , T t¯h, and T t¯φ0, the production CSs
are sensitive to the mixing parameter M , and will increase when the mixing parameter M
becomes larger. Except for the resonance regions, the production CSs can reach the level of 
several fb for M = 150 GeV.
3. For the pair production process e+e− → T T , the production CSs are insensitive to the mix-
ing parameter M , and the production CSs can reach the level of tens of fb. However, the 
production CSs of the processes e+e− → T T h and e+e− → T T φ0 are smaller than 0.1 fb 
in the major part of the parameter space in the LRTHM.
4. For the cases of the resonant production, the position and the shape of the peak of the pro-
duction CS have strong dependence of the value of the parameter f . The subsequent decay 
of T → φ+b, φ+ → t b¯, t → W+b and W → ν can give rise to the signal of the top partner 
T with the 3b +  + /ET , which can generate typical phenomenological features for the top 
partners in the LRTHM.
5. According to our SM background analysis, we get to know that the signal of the top partner 
T predicted by the LRTHM, in the reasonable parameter space (say small f and large M), 
may be detectable in the future ILC and CLIC experiments.
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